ABSTRACT -Indole-3-carbinol (I3C) has a liver tumor promoting activity in rats, and is also known as a cytochrome p450 1A (CYP1A) inducer. The generation of reactive oxygen species (ROS) resulting from CYP1A induction due to I3C, is probably involved in the tumor promotion. To clarify whether ROS generation contributes to I3C's induction of hepatocellular altered foci, partially hepatectomized rats were fed a diet containing 0.5% of I3C for 8 weeks with or without 0.3% N-acetyl-L-cysteine (NAC), an antioxidant, in their drinking water after N-diethylnitrosamine (DEN) initiation. Immunohistochemical analysis showed that the glutathione-S-transferase placental form (GST-P) positive foci promoted by I3C were suppressed by the administration of NAC. The mRNAs of members of the phase II nuclear factor, erythroid derived 2, like 2 (Nrf2) gene batteries, whose promoter region is called as antioxidant response element (ARE), were down-regulated in the DEN-I3C-NAC group compared to the DEN-I3C group, but Cyp1a1 was not suppressed in the DEN-I3C-NAC group compared to the DEN-I3C group. There was no marked difference in production of microsomal ROS and genomic 8-hydroxy-2′-deoxygunosine (8-OHdG) as an oxidative DNA marker between the DEN-I3C-NAC and DEN-I3C groups, while mapkapk3 and Myc were decreased by the NAC treatment. These results indicate that oxidative stress plays an important role for I3C's tumor promotion, and NAC suppresses induction of hepatocellular altered foci with suppressed cytoplasmic oxidative stress.
INTRODUCTION
Oxidative stress has an important role in degenerative and inflammatory diseases, and cancer (Trush and Kensler, 1991) . Indeed, reactive oxygen species (ROS) is thought to play a pivotal role in the etiology of liver cancer; ROS overproduction and subsequent oxidative DNA damage have been implicated in the enhancement of hepatocellular carcinomas caused by hepatic C virus (Lin et al., 2007) .
Interestingly, some cytochrome P450 (CYP1A) inducers are known to exert hepatocellular tumor-promoting activities in rodents, such as β-naphthoflavone (BNF), 2, 3, 7, 8-tetrachlordibenzo-p-dioxin (TCDD) and polychlorinated biphenyl (PCB) (Shoda et al., 2000; Kociba et al., 1978; Preston et al., 1981) . It is generally accepted that the microsomal electron system, including CYP and nicotinamide adenine dinucleotide phosphate (NADPH)-CYP450 reductase, generates ROS through its metabolism (Puntarulo and Cederbaum, 1998) . Also, PCB increases CYP1A1-dependent microsomal ROS production (Schlezinger et al., 2006) . So far, we have demonstrated that several CYP1A inducers, including oxfendazole, BNF, fenofibrate, piperonyl butoxide, and indole-3-carbinol (I3C), have liver tumor promoting activities in a two-stage hepatocarcinogenesis model in rodents Shoda et al., 2000; Dewa et al., 2008; Nishimura et al., 2007; Kawai et al., 2010; Shimamoto et al., 2011a) . These chemicals induce ROS generation in the microsomal fractions; this ROS generation is suspected of enhancing liver tumor promotion by altering cellular physiological functions, such as oxidative proteins, lipid peroxidation, DNA damage and cell signaling Dewa et al., 2008; Nishimura et al., 2007 , Kawai et al., 2010 Shimamoto et al., 2011a) . Previously, we reported that an eight-week treatment of I3C, which is an alkaloid found in cruciferous vegetables, increased the number and area of altered foci that were positive for glutathione S-transferase placental form (GST-P), a preneoplastic marker, in livers of hepatectomized rats initiated with N-diethylnitrosamine (DEN) (Shimamoto et al., 2011b) . Also, I3C enhanced the oxidative stress response (e.g., generation of microsomal ROS, production of thiobarbituric acidreactive substance (TBARS) and genomic 8-hydroxy-2′-deoxyguanosine (8-OHdG)), and increased the number of proliferating cell nuclear antigen (PCNA) positive cells, concomitantly with CYP1A induction (Shimamoto et al., 2011b) . However, we could not elucidate the mechanism of I3C's tumor promotion under oxidative stress circumstance more precisely.
N-acetyl-L-cysteine (NAC), a precursor of L-cysteine, is thought to be a scavenger of free radicals such as hydroxyl radical (OH·), hydrogen peroxide (H 2 O 2 ) and superoxide (O 2 -) (Aruoma et al., 1989) . It has been shown that NAC has an antioxidant potential in an in vitro experiment (Aruoma et al., 1989) and has chemopreventive potentials against the development of hepatocellular preneoplastic lesions in rats (Nishikawa-Ogawa et al., 2006) . Based on the results of these experiments, NAC is used as an antioxidant agent clinically, to treat some diseases that are associated with ROS generation, including cancer, cardiovascular diseases, human immunodeficiency virus infections, acetaminophen-induced liver toxicity and metal toxicity (Kelly et al., 1998) . Therefore, to clarify effects of oxidative stress from I3C on liver tumor promotion, we have herein conducted a short-term two-stage hepatocarcinogenesis bioassay in rats simultaneously given I3C and NAC.
MATERIALS AND METHOS

Animals
Five-week-old male F344/N rats were purchased from Japan SLC Inc. (Shizuoka, Japan), housed in stainless steel cages with 3 or 4 rats per cage, and were maintained under conventional conditions (12 hr light/dark cycle, 30-70% humidity, and 20-26°C temperature). A pellet basal diet (MF; Oriental Yeast Industries Co., Ltd, Tokyo, Japan) and tap water were available ad libitum. Animals received humane care in accordance with the Guide for Animal Experimentation of Tokyo University of Agriculture and Technology.
Chemicals
N-acetyl-L-cysteine (NAC; CAS No. 616-91-1) and indole-3-carbinol (I3C; CAS No. 700-06-1) were purchased from Wako Pure Chemical Industries (Osaka, Japan); N-diethylnitrosamine (DEN: CAS No.55-18-5) was from Tokyo Kasei Kogyo (Tokyo, Japan). Other reagents were of analytical grade and were obtained commercially.
Experimental design
To enhance the liver tumor promotion, a two-stage liver carcinogenesis bioassay was performed according to the method of Ito et al. (2003) . Briefly, after a 1-week acclimatization period, all animals were initiated with an intraperitoneal injection of DEN (200 mg/kg body weight, dissolved in saline) and fed a diet containing 0 (basal diet), 0.5% I3C for 8 weeks, starting from 2 weeks after DEN initiation. The dose of I3C (0.5%) was determined based on our previous report that feeding of 0.5% I3C for 8 weeks enhanced the tumor-promotion in a rat short-term liver carcinogenesis model (Shimamoto et al., 2011b) . Additionally, ten animals treated with I3C were simultaneously given 3,000 ppm NAC in drinking water during the same period as the I3C feeding. The dose of NAC (3,000 ppm) was based on our previous study (Nishimura et al., 2009) . To enhance hepatocellular proliferation, all animals were subjected to a two-thirds partial hepatectomy 3 weeks after DEN initiation. Body weight and food and water consumption were measured once per week. At the end of the experiment, rats were killed by exsanguination under ether anesthesia, and the livers were excised and weighed. Parts of the sliced liver samples were fixed in 10% phosphate-buffered formalin for histopathological and immunohistochemical evaluations. Remaining pieces of the livers were frozen in liquid nitrogen and stored at -80°C until further analyses, such as real-time RT-PCR.
Histopathology and immunohistochemistry
After formalin fixation, the tissues were dehydrated in graded ethanol and embedded in paraffin. Serial sections were mounted onto glass slides and stained with hematoxylin and eosin (H&E). In addition, immunohistochemical stainings for GST-P, proliferating cell nuclear antigen (PCNA) and cyclin-dependent kinase inhibitor 1A (p21) were performed by the following procedure. Briefly, the sections were deparaffinized, hydrated, quenched for endogenous peroxidase with 0.3% hydrogen peroxide in methanol at room temperature for 30 min and then blocked with normal serum. The sections for PCNA or p21 immuno-stainings were heated, by microwave at 90°C for 10 min or autoclave at 121°C for 20 min, respectively, in 10mM citrate buffer (pH 6.0) before quenching the endogenous peroxidase activity. Then sections were incubated overnight at 4°C with rabbit anti-GST-P antibody (1:1,000 dilution; Medical and Biological Laboratories Co., Ltd., Aichi, Japan), mouse anti-PCNA antibody (1:500 dilution; Dako, Glostrup, Denmark) or mouse anti-p21 (1:200 dilution; Abcam, Cambridge, UK). They were detected using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA, USA) and 3,3′-diaminobenzidine as the chromogen. After staining, slides were lightly counterstained with hematoxylin. The number and area of the GST-P positive foci (> 200 μm in diameter), p21 positive area and the total area of each liver section were quantified using WinRoof software (ver. 5.7.2; Mitani Corp., Fukui, Japan). The p21 positive area was quantified in 10 fields with 40 × magnification per animal. Nuclei that were strongly positive for PCNA were counted for in 20 fields (approximately 300-400 hepatocytes in each field) per animal; their % values were shown as the PCNA positive ratio.
cDNA microarray analysis
The total RNA was extracted with RNeasy Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer's instructions. Using 10 μg of total RNA in one animal each of the DEN-alone, DEN-I3C and DEN-I3C-NAC groups, double-stranded cDNA was synthesized with an Invitrogen Superscript Double-Stranded cDNA Synthesis kit (Invitrogen Corp., Carlsbad, CA, USA), according to the manufacturer's protocol. After labeling with Cy3, 6 μg of each Cy3-labeled cDNA sample were loaded onto the Rattus norvegicus Roche NimbleGen microarray for Gene Expression (Roche NimbleGen: Euk Expr 385K Catalog Arr, 26,739 targets/microarray). Using Robust Multiple Average (RMA) normalization method (Irizarry et al., 2003) , differentially expressed genes were analyzed. Gene information was retrieved from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov) websites.
Real-time RT-PCR analysis
The total RNA was extracted with RNeasy Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer's instructions. Reverse transcription was carried out with 2 μg RNA for cDNA synthesis using Thermoscript RT-PCR System (Invitrogen Corp., Carlsbad, CA, USA) according to the manufacturer's protocol. Semiquantitative real-time RT-PCR with Power SYBR ® Green PCR Master Mix (Applied Biosystems Japan Ltd., Tokyo, Japan) was performed using a Step One Plus System (Applied Biosystems Japan Ltd.). Eight samples per group were analyzed. The PCR primers were designed using Primer Express (Applied Biosystems Japan Ltd.). The sequences of PCR primers are listed in Supplementary data1. Target gene expression was normalized to an endogenous reference (β-actin); the amount relative to control was obtained using the 2 -ΔΔCt method (Livak and Schmittgen, 2001 ).
Preparation of microsomal fraction
The microsomal fractions were obtained according to the method of Yoshihara et al. (2001) with a slight modification. Briefly, liver samples from each treatment group were homogenized with three volumes of ice-cold buffer Tris-HCl (pH 7.4) using a glass-Teflon homogenizer. The homogenate was centrifuged at 700 × g for 10 min; the supernatant was centrifuged at 10,000 × g for 20 min. The resultant was centrifuged at 105,000 × g for 90 min, and the pellet was resuspended with 20 mM Tris-HCl (pH 7.4). Concentrations of the microsomal fractions were determined with a BCA Protein assay kit (Pierce, IL, USA).
Microsomal reactive oxygen species production
Production of NADPH-dependent microsomal ROS was determined by measuring oxidation of 2′,7′-dichlorodihydrofluorescein diacetate (H 2 DCFDA) to its fluorescent product 2′,7′-dichlorofluorescein (DCF) in liver microsomes, according to the method of Schlezinger et al. (1999) with a slight modification. Briefly, 0.2 mg of microsomal protein was incubated with 5 μM H 2 DCFDA in 20 mM of Tris-HCl (pH 7.4) at 37°C for 15 min and then transferred to a 96-well plate. The reaction was initiated with 1.4 mM NADPH (Wako Pure Chemical Industries); fluorescence was monitored every 5 min over a 90-min period using a Synergy HT Multi-Detection Microplate reader (BioTek, Winooski, VT, USA) at excitation and emission wavelengths of 485 and 528 nm, respectively.
In some cases, SKF-525A (Toronto Research Chemicals, ON, Canada), a well-known inhibitor of cytochrome P450, was added to the well at a fi nal concentration of 0.1 mM. Data was normalized to control values, and the control was expressed as a value of 100%.
Oxidative DNA damage levels
Oxidative DNA damage in the liver was estimated as the levels of genomic 8-hydroxy-2′-deoxyguanosine (8-OHdG). The 8-OHdG levels in liver DNA were determined using the method of Umemura et al. (2006) . Briefly, five nuclear DNA samples per group were isolated from 0.3 g of a wet weight each sample, using a DNA Extractor WB Kit (Wako Pure Chemical Industries) containing an antioxidant NaI solution to dissolve the cellular components. To further prevent auto-oxidation in the celllysis step, deferoxamine mesylate was added to the lysis buffer. The DNA was digested into deoxynucleotides with nuclease P1 and alkaline phosphatase. Levels of 8-OHdG (8-OHdG/10 5 deoxyguanosine) were then assessed by high-performance liquid chromatography with an electrochemical detection system (Coulochem II; ESA Biosciences, Inc., MA, USA) according to the running condition reported previously (Umemura et al., 2006) .
Statistical analysis
All data are expressed as means with their standard deviations (SD). Multigroups (DEN-alone, DEN-I3C and DEN-I3C-NAC groups) were used to test the homogeneity of variance between the groups by Bartlett's test. When the data were homogenous, Tukey's test was used, and when heterogeneous, Steel-Dwass test was used. A P value of less than 0.05 was considered statistically significant.
RESULTS
Body and liver weights, food consumption and estimated compound intakes
One, three and two animals died due to surgical errors of partial hepatectomy in the DEN-alone, DEN-I3C and DEN-I3C-NAC groups, respectively. Although the body weights in the treated groups decreased due to partial hepatectomy at the 2nd week compared to the 1st week, neither death nor clinical symptoms specifi c to the compound treatment were observed in the DEN-I3C and DEN-I3C-NAC groups during the experimental period ( Fig. 1 and Table 2 ). The body weight gains of the DEN-I3C and DEN-I3C-NAC groups signifi cantly decreased compared to the DEN-alone group, but there were no significant changes between the DEN-I3C and DEN-I3C-NAC groups in body weight gains and food consumption. The water consumption of the DEN-I3C-NAC signifi cantly decreased compared to the DEN-alone and DEN-I3C groups. As the average food intakes of the DEN-alone, DEN-I3C and DEN-I3C-NAC groups were 14.28, 12.95 and 12.37 g/day, respectively (Table 1) , the decrease in body weight gains of the DEN-I3C and DEN-I3C-NAC groups was probably attributable to the decreases in food intake. The estimated average I3C intake of the DEN-I3C and DEN-I3C-NAC groups were 242.78 and 227.13 mg/ kg body, respectively. The estimated NAC intake in the DEN-I3C-NAC group was 140.58 mg/kg body.
At necropsy, the absolute and relative liver weights also significantly increased in the both I3C treatment groups compared to the DEN-alone group, but there were no remarkable changes in NAC treatment.
GST-P positive foci and PCNA positive cells in the livers
Diffuse hepatocellular hypertrophy was histopathologically observed in rats given DEN-I3C and DEN-I3C-NAC, while there were no other remarkable changes such as infl ammation or fi brosis in H&E-stained liver sections ( Fig. 2A) . In immunohistochemical analysis, GST-P positive foci were induced in the DEN-alone, DEN-I3C and DEN-I3C-NAC groups, and GST-P positive staining was found in the cytoplasm and/or nuclei of their hepatocytes. In the DEN-I3C and DEN-I3C-NAC groups, the number N: necropsy. * P < 0.05; ** P < 0.01, signifi cantly different from DEN-alone group, using Tukey's test.
and area of GST-P positive foci significantly increased compared to the DEN alone group (Figs. 2B and C, Table  2 ), while the number and area of GST-P positive foci in the DEN-I3C-NAC group significantly decreased compared to the DEN-I3C group (Table 2 ). The number of PCNA positive cells increased in the DEN-I3C group, but not in the DEN-I3C-NAC group (Table 2) .
Gene expression analysis by cDNA microarray
In the cDNA microarray analysis using the whole liver sample of one animal in each group, 456 genes such as phase I drug-metabolizing enzyme genes (Cyp1a1, Cyp1a2, Ugt1a7, Ugt1a6, Nqo1 and Aldh1a1), phase II drug-metabolizing enzyme enzymes (Gpx2, Ggt1 and Akr7a3), phase III drug-metabolizing enzyme genes (Abcc3 and Abcd2), and oxidative stress-related genes (Vnn1 and Glrx1), were up-regulated in the DEN-I3C group more than two-fold compared to those of the DENalone group (Supplemental Data 2). In the DEN-I3C-NAC group, 1031 genes, such as DNA damage-and/or cell cycle-related genes (Gadd45g, Cdkn1a (p21)) were down-regulated to less than half than those of the DEN-I3C group. There were 35 common genes including Me1, Fgf21 and Rab30 both up-regulated by the I3C treatment and down-regulated by NAC treatment. The Me1 gene encodes for cytosolic malic enzyme and is thought to be Nrf2 gene battery. The Fgf21 encodes the fibroblast growth factor 21 and is important in metabolic regulation of glucose and lipid metabolism. The Rab30 gene is one of the families with Rab oncogene and is thought to be involved in exocytosis.
As described above, I3C and NAC affected the gene expression in the phase I, II and III drug metabolizing enzymes, oxidative stress-related genes and DNA damage-and/or cell cycle related genes. Taking into account the result of the cDNA microarray, we focused on the expression pattern of these genes and performed detailed real-time RT-PCR.
Expression of the AhR and/or Nrf2 gene batteries and oxidative stress-related genes
The mRNAs of AhR and some of the AhR gene batteries, such as Cyp1a1, Cyp1a2, Cyp1b1, Ugt1a6, Nrf2 and Nqo1, were examined by real time RT-PCR analysis (Table 3) . mRNA expression for Cyp1a1 signifi cantly increased in the DEN-I3C and DEN-I3C-NAC groups. However, NAC did not significantly decrease Cyp1a1 expression induced by I3C. mRNA expressions of AhR, Cyp1a2, Cyp1b1, Ugt1a6, Nrf2 and Nqo1 also significantly increased in the DEN-I3C and DEN-I3C-NAC groups, but expression of these genes significantly decreased in the DEN-I3C-NAC group compared to the DEN-13C
group. There was no fluctuation in Arnt (Hif1β) among the groups. To evaluate the cellular oxidative stress by the treatment of NAC, we analyzed the transcriptional chang- Gstm1, Gsta5 (Yc2) and Gstm2 increased in the DEN-I3C and DEN-I3C-NAC groups compared to the DEN-alone group. The Gpx2 and Me1 significantly increased in the DEN-I3C and DEN-I3C-NAC groups compared to the DEN-alone group, and significantly decreased in the DEN-I3C-NAC group compared to the DEN-I3C group. Gstp1 significantly increased in the DEN-I3C group compared to the DEN-alone group, and significantly decreased in the DEN-I3C-NAC compared to the DEN-I3C group. Osgin1 significantly decreased in the DEN-I3C-NAC compared to the DEN-I3C group.
We also analyzed other oxidative stress-related genes. Glutaredoxin 1 (Glrx1), which reduces oxidized glutathione (GSSG) to reduced glutathione (GSH), significantly increased only in the DEN-I3C group. Vnn1 (Vanin 1) protein, which is also involved in GSH generation, significantly increased in the DEN-I3C and DEN-I3C-NAC groups compared to the DEN-alone group.
Rab30, whose translated product belongs to the RAS family and affects exocytosis, increased in the DEN-I3C group compared to the DEN-alone group, but decreased in the DEN-I3C-NAC group compared to the DEN-I3C group.
Other genes for the MAPK signal cascade and DNA damage
Since ROS is considered to enhance the MAPK signaling pathway, we analyzed the genes for MAPK signaling pathway. Myc significantly increased in the DEN-I3C group compared to the DEN-alone group, but significantly decreased in the DEN-I3C-NAC group compared to the DEN-I3C group. Jun significantly increased in the DEN-I3C group compared to the DEN-alone group. Among the FGF family genes, Fgf1 increased in the DEN-I3C and DEN-I3C-NAC groups compared to the DEN-alone group, and Fgf21 decreased in the DEN-I3C-NAC group compared to the DEN-I3C group. Igfbp1 significantly increased in the DEN-I3C group compared to the DENalone group, but significantly decreased in the DEN-I3C-NAC group compared to the DEN-I3C group. Raf1 significantly increased in the DEN-I3C and DEN-I3C-NAC group. Other genes -Grb2, Prkca (PKCα), Mek2 (Map2k2), Erk1 (Mapk3) -were not changed among the groups. Mapkapk3 significantly increased in the DEN-I3C group compared to the DEN-alone group but decreased in the DEN-I3C-NAC group compared to the DEN-I3C group. Fos significantly decreased in the DEN-I3C and DEN-I3C-NAC groups compared to the DEN-alone group and decreased in the DEN-I3C-NAC group compared to the DEN-I3C group. Transcripts for p38, Nfkb1 and Hif1α were not changed among the groups.
To examine effects of fluctuations in oxidative stress on DNA such as oxidative forms of DNA, or single-or double-strand breaks, we analyzed the DNA repair genes and DNA damage checkpoint-related genes. The mRNA expression of 8-oxoguanine DNA glycosylase (Ogg1) was not changed among the groups, nor were tumor protein p53 (Tp53) and growth arrest and DNA-damage-inducible, gamma (Gadd45g). On the other hand, Gadd45a increased only in the DEN-I3C group compared to the DEN-alone group. Chek1 significantly increased in the DEN-I3C group compared to the DEN-alone. Cdkn1a (p21) showed an increasing tendency in the DEN-I3C No. of rats 5 5 5 0.65 ± 0.18 1.08 ± 0.18** 1.01 ± 0.10** * P < 0.05, ** P < 0.01, significantly different from DEN-alone group by Tukey's test. Vol. 36 No. 6 group but significantly decreased in the DEN-I3C-NAC group compared to the DEN-alone group.
Microsomal ROS production and genomic 8-OHdG content
To examine the degree of oxidative stress, we measured ROS production derived from CYP activities in microsomal fraction (Table 4) . As CYP's monooxygenase activities need reduction from NADPH, we compared ROS production with and without NADPH. Without NADPH, a little oxidized H 2 DCFDA was observed as an indicator of ROS production in all groups. In contrast, the addition of NADPH into the microsomal fraction drastically increased ROS production. With the addition of NADPH, ROS production in the microsomal fraction was enhanced in the DEN-I3C and DEN-I3C-NAC groups compared to the DEN-alone group. Addition of SKF-525A, a well-known inhibitor of CYP, significantly decreased ROS production in the DEN-I3C and DEN-I3C-NAC groups. Therefore, this ROS production is dependent on the CYP activity. However, there were no differences in microsomal ROS generation between the DEN-I3C and DEN-I3C-NAC groups.
To evaluate cellular oxidative damage by ROS production derived from CYP induction, genomic 8-OHdG contents were determined in the livers (Table 4 ). The 8-OHdG content significantly increased in the DEN-I3C and DEN-I3C-NAC groups compared to the DEN-alone group, but there were no significant differences in 8-OHdG content between the DEN-I3C and DEN-I3C-NAC groups.
CDKN1A (p21) immunohistochemistry
We previously reported that I3C treatment decreased the area of p21 positive hepatocytes located in periportal areas (Shimamoto et al., 2011b) . The area of p21 positive hepatocytes in this study also decreased with the I3C treatment, but NAC did not alter the p21 positive area (Fig. 2D and Table 2 ).
DISCUSSION
The cytochrome P450 family generates ROS as a byproduct of microsomal oxidation, and the upregulation of CYP1A1 indirectly results in production of ROS (Puntarulo and Cederbaum, 1998) . Therefore, CYP1A inducers are recognized to generate a large amount of ROS. In our previous study (Shimamoto et al., 2011b) , we showed that I3C is a CYP1A inducer because of upregulation of Cyp1a1, Cyp1a2 and Cyp1b1, which are recognized as part of the AhR gene batteries. In this study, NAC treatment did not decrease Cyp1a1 but Cyp1a2 and Cyp1b1. Although AhR is known to have multiple functions including a development of organs and immune system, the mechanism of induction of these genes is unknown. Therefore, the reason why NAC treatment decreased the expression of Cyp1a2 and Cyp1b1 could not be clarified. In addition, our previous study showed that excess ROS generation by the I3C treatment overcame the suppressive effects of the antioxidant/detoxifying Nrf2 gene batteries, resulting in increased TBARS and 8-OHdG, and subsequently enhanced the proliferative activity of hepatocytes (Shimamoto et al., 2011b) . In the present study, increased number and area of GST-P positive foci were observed in the DEN-I3C group compared to the DEN-alone group, and Nrf2 gene batteries such as Ugt1a6, Nrf2, Nqo1, Ggt1, Gpx2, Gstp1, Gsta5, Gstm2 and Gstm1 were up-regulated in the DEN-I3C group compared to the DEN-alone group. As AhR and Nrf2 gene batteries coordinate to detoxify reactive metabolites by AhR ligands (Nebert et al., 2000) , the same phenomenon was induced by I3C treatment; the finding that I3C has a liver tumor-promoting activity in rats was confirmed.
On the other hand, in the DEN-I3C-NAC group, GST-P positive foci significantly decreased compared to the DEN-I3C group. Although water consumption significantly decreased by NAC coadministration, there were no fluctuations in food consumption and body weights between the DEN-I3C and DEN-I3C-NAC groups. Therefore, the I3C intake in the DEN-I3C-NAC group appeared to be almost the same as that in the DEN-I3C group. Thus it can be suggested that the decrease in GST-P positive foci in the DEN-I3C-NAC group is directly caused by the NAC treatment. On the other hand, in the microsomal fraction, ROS generation enhanced by I3C was not depressed by the treatment of NAC. Generally, CYP is a membrane-bound monooxygenase and is also mainly found in the microsome fraction, but many conjugation enzymes existing in the downstream of Nrf2 gene batteries, such as glutathione S-transferase (GST), are localized in the other soluble fraction. Moreover, NAC is easily soluble in water. Therefore, this result suggests that ROS generation in the microsome fraction is dependent on the CYP's activity, but does not reflect the antioxidant effect of antioxidant enzymes and NAC content. However, NAC treatment decreased expression of the Nrf2 gene batteries, including Nfe2l2 (Nrf2), Me1, Ugt1a6, Nqo1, Gpx2, Osgin1 (oxidative stress induced growth inhibitor 1), and Gstp1. NRF2 is thought to be transferred to the nucleus by the oxidative stress (Kobayashi et al., 2006) and many translated products of the Nrf2 gene batteries, such as GPX and GST, function as antioxidant pro-tection against ROS (Martín-Montalvo et al., 2011) . Li et al. (2007) reported that OKL38, (a human ortholog to rat Osgin1), is an oxidative stress-regulated gene, and Nrf2 is required for OKL38 expression. In this study, OKL38 (Osgin1) significantly decreased in the DEN-I3C-NAC group compared to the DEN-I3C group. Therefore, Nrf2 gene batteries are considered to protect against oxidative stress. Gong and Cederbaum (2006) also reported that NAC attenuates ROS generation derived from ethanol induced by CYP2E1 and mRNA of Nrf2 in HepG2 cells (Gong and Cederbaum, 2006) . Taking into account the depression of many members of the Nrf2 gene batteies, such as Ugt1a6, Nqo1, Gpx2, and Osgin1, in the DEN-I3C-NAC group, ROS produced by the I3C treatment is apparently directly scavenged by NAC, though the ROS production in the microsomal system was not changed by the NAC treatment.
As described above, Gpx2 (Glutathione peroxidase 2) decreased in the DEN-I3C-NAC group. Regarding the other glutathione cycle-related genes, Vnn1 (Vanin1) and Glrx1 (Glutaredoxin 1) were altered by the I3C treatment and I3C-NAC coadministration. In addition, Igfbp1 significantly increased in the DEN-I3C group and decreased in the DEN-I3C-NAC group compared to the DENalone group. Kimura et al. (2010) reported that Paraquatinduced oxidative stress increased Igfbp1, while addition of NAC treatment decreased Igfbp1 in rat hepatocytes. Therefore, fluctuations of Glrx1and Igfbp1 in the present study indicate that oxidative stress is enhanced by the I3C treatment, but is directly depressed by NAC treatment.
The ROS is thought to be involved in tumor-promoting activity in rodents (Umemura et al., 1999) . We have reported that oxidative stress enhances cell proliferation of hepatocytes and promotes development of liver preneoplastic lesions in rats and mice given oxfendazole, β-naphthoflavone, fenofibrate, or piperonyl butoxide in the early stage of a two-stage hepatocarcinogenesis model Dewa et al., 2008 Kawai et al., 2010) . In the present study, the GST-P positive foci increased in the DEN-I3C group compared to the DEN-alone group, but the GST-P positive foci significantly decreased in the DEN-I3C-NAC group compared to the DEN-I3C group. Furthermore, the number of PCNA positive cells significantly increased only in the DEN-I3C group but not in the DEN-I3C-NAC group, indicating that proliferation of hepatocellular altered foci was probably depressed by the NAC treatment. In addition, Myc and Mapkapk3 significantly increased in the DEN-I3C group compared to the DENalone group, but significantly decreased in the DEN-I3C-NAC group compared to the DEN-I3C group. Myc is one of the early response genes. Mapkapk3 has been shown to be activated by both growth inducers and stress response (Ludwig et al., 1996) . In this study, the MAPK cascaderelated genes Raf1 and Fgf1 increased in the both DEN-I3C and DEN-I3C-NAC groups. Since ROS is involved in activating the MAP kinase cascade (Pan et al., 2009) , the upregulation of MAPK cascade-related genes observed in the DEN-I3C group of our study might be attributable to the generation of ROS. However, other MAPK cascaderelated genes -Grb2, Prkca, Mek2 and Erk1 as well as p38, Nfkb1 and Hif1a -were not changed by the treatment of DEN-I3C or DEN-I3C-NAC in the present study. Therefore, MAPK pathway may be involved in the NACcaused suppression of GST-P positive foci, but it is still necessary to identify which MAPK pathway is involved in their tumor suppression.
8-OHdG is a well-known oxidative guanine and a marker for oxidative damage in the cellular components (Kasai et al., 1986) . In the present study, genomic 8-OHdG levels significantly increased both in the DEN-I3C and DEN-I3C-NAC groups compared to the DENalone group, but did not decrease by NAC co-administration. 8-OHdG is one of the most abundant oxidative DNA damage (Cheng et al., 1992) . Although 8-OHdG is repaired by the base excision repair pathway with MTH1, OGG1 or MutY (van Loon et al., 2010) , there was no obvious change in Ogg1 between the treated groups in our study. We did not examine the mRNA expression of Nudt1 (MTH1) and Mutyh (MutY) genes because of no fluctuations in microarray analysis, but there would be no change in the transcription levels of these genes because of the unchanged content of genomic 8-OHdG in the DEN-I3C and DEN-I3C-NAC treated groups. Our previous report showed that the induction capability of Cyp1a1 in CYP1A inducers was correlated with their tumor promoting activities, and the tumor promotion activity of I3C is relatively weak compared to that of β-naphthoflavone (BNF), a strong CYP1A inducer (Shimamoto et al., 2011a) . If NAC is co-administrated with BNF, 8-OHdG production attributable to BNF treatment may be suppressed by NAC treatment. In contrast, co-administration of NAC did not decrease 8-OHdG derived from I3C's oxidative stress but downstream genes of the Nrf2 gene batteries in this study. Therefore, NAC is likely to scavenge more cytoplasmic oxidative stress than the nuclear oxidative stress in I3C tumor promotion, but we should clarify why NAC suppresses the cytoplasmic oxidative stress rather than genomic DNA in the future studies.
In the present study, Chek1 and gadd45a significantly increased only in the DEN-I3C group, but Cdkn1a (p21), an important gene with regard to DNA damage and the cell cycle, did not change in the DEN-I3C group compared to the DEN-alone group while the area of p21 positive hepatocytes decreased with I3C treatment. This discrepancy may be attributable to the difference in anatomical localization that real-time RT-PCR of Cdkn1a was performed on the whole liver while p21 was localized in the peripheral hepatocytes in immunohistochemistry. In our previous study, treatment of 0.50 and 1.0% I3C significantly decreased the cdkn1a expression and the area of p21 positive cells (Shimamoto et al., 2011b) . It has been shown that p21 mediates cell cycle arrest by inhibiting the activity of cyclin-dependent kinases such as CDK2 (Waga et al., 1994) . In addition, p21 inhibits DNA synthesis by binding to PCNA and blocks DNA synthesis (Waga et al., 1994) . Also Gadd45 protein is implicated in stress signaling, which results in cell cycle arrest (Liebermann and Hoffman, 2008) . Therefore, the decreased area of p21 positive cells in the DEN-I3C and DEN-I3C-NAC groups suggest that the decreased area of p21 positive cells contributes to the proliferation of hepatocellular altered foci, but NAC doesn't have any capability to modify the p21 function.
In conclusion, we have confirmed that I3C activates AhR and enhances microsomal ROS production due to CYP1A induction, resulting in the upregulation of the Nrf2 gene batteries, and such DNA oxidative stress subsequently induces liver tumor-promoting effects in rats. Moreover, the results of our study revealed that NAC coadministration decreased the GST-P positive foci and suppressed the cytoplasmic oxidative stress but not the genomic 8-OHdG.
